1. INTRODUCTION {#sec1}
===============

Anxiety disorders and major depressive disorder (MDD) are complex diseases resulting from the interaction of various psychological, environmental, and biological factors. Over the past several decades, active research has been conducted into the biological factors of these diseases: neuroanatomical abnormalities, neurochemical factors, such as norepinephrine and serotonin, and neuroendocrine abnormalities of the hypothalamus-pituitary-adrenal axis \[[@r1]\]. However, none of these factors can fully explain anxiety and depression.

The most actively studied psychiatric disorder in the field of psychoimmunology is MDD. Recently, among the biological mechanisms of MDD, neuroinflammation and the immune-kynurenine pathway are drawing attention, and are known to play key roles in inflammation-induced depression \[[@r2], [@r3]\]. In contrast, few studies have been conducted on anxiety disorders. Of those few studies, most are laboratory research or animal experiments, and even fewer studies have been conducted since 2000. This is likely due to the lack of consistent reproducible findings or insufficient explanations for the biological mechanisms of anxiety. Although both anxiety and depression are phenomenologically observed states, anxiety disorder can appear in a more diverse form of illness than MDD. This is supported by the fact that, unlike MDD, which is a single disease, anxiety disorders are sub-classified into various diseases, such as panic disorder, phobia and generalized anxiety disorder. Furthermore, the anxiety state is more difficult to define than a depressive episode, and the pathologic state period varies widely. For this reason, psychoimmunological studies on anxiety may have been more difficult than those on depression.

However, we need to rethink this field in relation to anxiety disorders, for a variety of reasons. First, depression and anxiety often coexist and have many similarities in terms of therapies. According to the hypothesis that anxiety and depression are distributed in one dimension, the middle point of this dimension is where anxiety and depression coexist, which is where the biological mechanism is shared \[[@r4]\]. Therefore, comparable studies on anxiety are needed in parallel, in that the biological mechanisms of MDD and anxiety can explain each other's pathophysiology. Second, anxiety disorders are brain disorders in which various heterogeneous pathogenic mechanisms are expressed \[[@r5]\], and the pathogenic factors of anxiety disorders associated with inflammation and the kynurenine pathway can enable a more comprehensive understanding of anxiety.

This study reviewed possible mechanisms by which stress or inflammation modulates anxiety through tryptophan metabolism and the kynurenine pathway. Because there are relatively few past studies, we sought to investigate all the work that has been conducted to date, regardless of the subjects of the experiment (laboratory/animals/humans) and the dates of study. Through this review, we hope that our understanding about the psychoimmunological mechanisms of anxiety will be expanded and anxiety-related studies will receive renewed attention.

2. METHODS {#sec2}
==========

The source of literature was the electronic database MEDLINE *via* PubMed (1950-2017). The initial search strategy included the use of a combination of the following thesaurus terms: 'anxiety disorder,' 'anxiety,' 'kynurenine,' 'neuroinflammation,' 'tryptophan,' and 'serotonin.' However, as there are limited studies in this field, we expanded our search by adding the terms 'indoleamine 2,3-dioxygenase (IDO),' 'kynurenic acid,' 'quinolinic acid (QUIN),' 'melatonin,' 'benzodiazepine,' 'N-methyl-D-aspartate (NMDA),' 'neurogenesis' and 'oxidative stress.' The inclusion criteria included: (i) studies examining immune-kynurenine mechanisms underlying an anxious state or anxiety, regardless of the subjects of experiment (laboratory/animals/humans); (ii) review articles on immune-kynurenine and anxiety; (iii) articles written in English. The exclusion criteria included: (i) letters to editors and editorials without data; and (ii) studies outside the time window (1950-2017), as these were not available electronically. Based on the inclusion and exclusion criteria, we reviewed the titles of all citations and retrieved relevant abstracts for more detailed evaluation. When there was uncertainty, we studied the full article. We also hand-searched the reference list of relevant studies and reviews to aid identification of further studies. We identified 142 references and 38 were included in this review.

3. RESULTS {#sec3}
==========

3.1. Tryptophan Metabolism without Stress or Immune Challenges {#sec3.1}
--------------------------------------------------------------

Tryptophan (TRY) metabolism has two large pathways: the methoxyindoles pathway and the kynurenine pathway (Fig. **[1](#F1){ref-type="fig"}**). Among the available TRYs in the body, approximately 1\~5% are synthesized as serotonin (5-HT) through the methoxyindoles pathway \[[@r6]\]. This serotonin synthesis occurs primarily in the enterochromaffin cells of the gut, and the remaining 10-20% occurs in the brain through the blood brain barrier (BBB) \[[@r6]\]. Because less than 5% of TRYs are metabolized through the methoxyindoles pathway, the availability of TRYs, which are the substrates of serotonin, is an important rate-limiting factor for serotonin synthesis \[[@r6]\]. Meanwhile, because serotonin is the substrate of melatonin, serotonin deficiency not only affects the serotonin receptor function, but also reduces the synthesis of melatonin \[[@r7]\].

Approximately 95\~99% of TRYs are metabolized through the kynurenine pathway and form tryptophan catabolites (TRYCATs) \[[@r6]\]. These TRYCATs are important metabolites that may contribute to the pathophysiology of anxiety \[[@r8]\]. The greater part of the flow in the kynurenine pathway is the formation of kynurenines (KYNs) from TRYs in the liver by tryptophan 2,3-dioxygenase (TDO), which is the rate-limiting enzyme \[[@r6], [@r9]\]. Meanwhile, indoleamine 2,3-dioxygenase (IDO), which is another rate-limiting enzyme, also forms KYNs \[[@r10]\]. Although TDOs and IDOs both metabolize TRYs to KYNs, TDOs and IDOs exist in different parts of the body and their activation methods are slightly different. TDOs are primarily distributed in the liver, and IDOs are primarily distributed in extrahepatic tissues, such as the brain, blood, spleen, kidney, and lung \[[@r10]\]. IDOs generally exist in astrocytes, microglia, microvascular endothelial cells, and macrophages, and are usually activated by pro-inflammatory cytokines \[[@r10]\]. TDOs are generally activated by TRY itself, but they can be also activated by glucocorticoids \[[@r11]\]. Quantitatively, most TRYs are metabolized by TDOs in the liver, but in the brain, the role of IDOs is critical and IDO is an important enzyme associated with the psychoimmunological mechanism of anxiety \[[@r12]\].

KYNs are metabolized through two distinct routes: the KYN - nicotinamide adenine dinucleotide (NAD) pathway and the KYN - kynurenic acid (KYNA) pathway. These two routes compete with one another for KYN.

In the KYN-NAD pathway, KYN is catabolized to 3-hydroxykynurenine (3OH-KIN) by the kynurenine-3-monooxygenase (KMO) enzyme, and 3OH-KIN is catabolized to hydroxyanthranilic acid (HAA) by kynureniase. The subsequent catabolism progresses in two routes: the complete oxidation pathway, which forms adenosine triphosphate (ATP) in the liver, and the degrading pathway in the order of quinolinic acid (QUIN) - nicotinamide adenine dinucleotide (NAD) - nicotinic acid (NIC). HAA also forms a small amount of picolinic acid (PIC) besides ATP. Under general conditions, the major part of catabolism is the formation of ATP; the formation of NAD is relatively minor \[[@r13]\]. In summary, the KYN-NAD pathway plays an important role, not only in the brain\'s glycogen storage, but also in supplying NAD, which is an essential substance for the functioning of the central nervous system \[[@r13]\].

The KYN-kynurenic acid (KYNA) pathway is a process by which KYN is catabolized to KYNA by KYN-amino-transferases (KATs). KYNA has a functional antagonistic effect on KIN, 3OH-KIN, and QUIN \[[@r8]\].

In addition to the methoxyindoles pathway and the kynurenine pathway, TRYs are also catabolized to indolepyruvic acid (IPA), which is a minor pathway of TRY metabolism. Then, IPA is catabolized to indolelactic acid (ILA) and indoleacetic acid (IAA).

3.2. Tryptophan Metabolism in Stress or Immune Challenges {#sec3.2}
---------------------------------------------------------

### 3.2.1. Imbalance between Kynurenine and Methoxyindoles Pathways {#sec3.2.1}

The increased pro-inflammatory cytokines induced by stress or inflammation activate IDO enzymes, which exist primarily in extrahepatic tissues, such as those in the brain \[[@r14]\]. Thus, activated IDOs shift TRY metabolism from the liver to the extrahepatic regions. Meanwhile, the TDO enzymes can also be activated by cortisol secretion that has been strengthened by inflammation \[[@r11]\]. Eventually, inflammatory states activate pro-inflammatory cytokines and cortisols, which activate IDOs and TDOs, respectively, and then TRY metabolism is shifted from the methoxyindoles pathway to the kynurenine pathway (Fig. **[1](#F1){ref-type="fig"}**). As a result, the amount of KYN formation increases. Because KYNs can pass through the BBB, additional peripheral KYNs are supplied to the brain, and the kynurenine pathway is highly activated in astrocytes and microglia in the brain \[[@r15]\].

### 3.2.2. Imbalance between 3OH-KIN and KYNA {#sec3.2.2}

Pro-inflammatory cytokines intensify the activity of KMO enzymes, as well as IDOs \[[@r16]\]. Therefore, during the inflammatory state, KYN metabolism is shifted from KYNA to 3OH-KIN (Fig. **[1](#F1){ref-type="fig"}**). Such an imbalance between 3OH-KIN and KYNA is more pronounced in activated monocytes \[[@r17]\]. The increase of 3OH-KINs leads to an increase in the creation of QUIN, which is the next metabolite. Eventually, inflammation causes an imbalance between KINA, which has anxiolytic and neuroprotective effects, and 3OH-KIN and QUIN, which have anxiogenic and neurodegenerative effects \[[@r8], [@r18]\].

3.3. Neuroactivities of Tryptophan Catabolites (TRYCATs) {#sec3.3}
--------------------------------------------------------

The neurotropic activity of TRYCATs has been found through laboratory experiments and animal studies. KYN, 3OH-KIN, and QUIN (and PIC in some experiments), which are initial metabolites in the kynurenine pathway, act as excitants and convulsants \[[@r19]-[@r23]\]. In contrast, most final metabolites, such as KYNA, xanthurenic acid (XAN), NAD, and IPA have anti-excitatory neuroactivities, such as inhibitory, tranquillizing, and anticonvulsant effects (anthranilic acid \[ANT\] seems to have a minimal effect) \[[@r19], [@r24], [@r25]\]. It has been well-demonstrated that \[KYN and XAN\], \[QUIN and KINA\], \[KYN and NAD\], and \[KYN and IPA\] have a functionally antagonistic relationship with one another in tests of seizures and in animal models for anxiety-measurements of locomotor activity \[[@r8], [@r23]\]. Such antagonistic relationships are one of the mechanisms of self-regulation in the kynurenine pathway \[[@r15], [@r23]\]. Meanwhile, excitatory TRYCATs are known to have antagonism for other metabolites of tryptophan, namely 5-HT, 5-hydroxytryptophan (5-HTP), and melatonins, which are in the methoxyindoles pathway (from outside the kynurenine pathway). In rats or mice, the pretreatment of excitatory TRYCATs reduces the central effects of 5-HT, 5-HTP, and melatonin, such as head-twitches and sedation \[[@r23], [@r26]\].

These neurotropic TRYCATs also interact with the adrenergic, dopaminergic, serotonergic, cholinergic, and glutaminergic systems. The pressor effect in rats and the hyperthermic effect in mice from noradrenaline, which is induced by amphetamines (subcutaneously \[SC\]), are potentiated by KYN, 3OH-KIN, ANT, and NIC \[[@r8], [@r25]\]. PIC has the opposite effect \[[@r8], [@r25]\]. Amphetamine-induced (SC) locomotor activation in mice and rats is potentiated by QUIN and ANT \[[@r23], [@r25]\]. Seizures in mice, which are induced by the central administration (intracerebroventricularly \[ICV\]) of KYN, 3OH-KIN, and QUIN, are prevented by centrally injected (ICV) serotonin and dopamine, and diminished by melatonin, noradrenaline, and adrenaline \[[@r19]\]. The oxotremorine hypothermia in mice, which is mediated by acetylcholine secretion, is potentiated by KYN, PIC, and NIC \[[@r23]\]. Two arms of the TRYCATs are associated with glutamate receptor. The increased formation of NMDA agonist, QUIN, leads to a hyperglutamatergic status associated with psychiatric illness such as depression. KYNA, an NMDA antagonist, counteracts the excitotoxicity of QUIN to protect it.

Excitatory TRYCATs have a functional antagonism with γ-aminobutyric acid (GABA), glycine, and taurine, which are inhibitory amino acids. Seizures induced by QUIN and KYN are prevented by these amino acids (ICV) \[[@r22]\]. It would be due to GABA inhibition of TRYCATs effects on glutamate. The behavioral inhibitory effects of these amino acids are diminished by pretreatment with KYN, 3OH-KIN, and QUIN \[[@r22]\].

In summary, anti-excitatory TRYCATs, such as KINA, XAN, NAD, and IPA have anticonvulsant and neuroprotective neuroactivities, and play an adaptogenic role in stress, as they also exert anxiolytic effects, which will be explained below. In contrast, excitatory TRYCATs, such as KYN, 3OH-KIN, and QUIN have antagonism for anti-excitatory TRYCATs and even have proconvulsive, neurotoxic neuroactivities and anxiogenic effects (Fig. **[2](#F2){ref-type="fig"}**). Under general conditions, such internal and external antagonisms of the kynurenine pathway make the neuroactivities of excitatory TRYCATs stable and flexible \[[@r8]\]. If the balance of antagonisms collapses under continuous stress, and the concentration of excitatory TRYCATs rises in a long-lasting manner, this can lead to pathologic consequences, such as anxiety, depression, and dementia \[[@r27]\].

3.4. Anxiety and Tryptophan Catabolites (TRYCATs) {#sec3.4}
-------------------------------------------------

In general, all standard anxiogens (pentylenetetrazole, caffeine and yohimbine) can cause seizures in mice. In mice, the ratio between the convulsant and the anxiogenic doses of standard anxiogens is known to be approximately 10:1 \[[@r28]\]. This ratio applies to excitatory TRYCATs as well \[[@r19]\]. Therefore, excitatory TRYCATs, which have convulsive effects, are likely to act as anxiogens in the body, whereas anti-excitatory TRYCATs are likely to act as anxiolytics, because they antagonize excitatory TRYCATs.

KYN, 3OH-KIN and QUIN, which are excitatory TRYCATs, have anxiogenic activity in animal models of anxiety, such as in the social interaction test (diminution of number and duration of contacts), the elevated plus-maze and the conflict situation in a dark-light chamber (diminution of transitions) \[[@r23], [@r28], [@r29]\]. Meanwhile, KYNA, XAN and IPA, which are anti-excitatory TRYCATs, have the pharmacological profile of anxiolytics \[[@r29]-[@r31]\]. KYNA, XAN, and IPA antagonize both anxiogenic TRYCATs and standard anxiogens, such as caffeine, pentylenetetrazole and yohimbine \[[@r8]\]. As shown through animal models of anxiety, the endogenous anxiogens, except TRYCATs, are beta-phenyl-ethylamine (PEA) and cholecystokinin (CCK) \[[@r32]\]. Some anxiolytic TRYCATs have antagonism against PEA and CCK \[[@r32]\] (Fig. **[2](#F2){ref-type="fig"}**).

These effects of TRYCATs on anxiety have been revealed through laboratory and animal experiments, but little has been revealed in experiments on human subjects. Among putative endogenous anxiogens, a major emphasis has been on KYN. The relationship between KIN and anxiety has been revealed in some studies with healthy volunteers and psychiatric patients \[[@r33]\].

In 15 healthy volunteers for whom anxiety was provoked by administrating an anxiogenic dose (25mg/kg) of caffeine, the plasma KIN concentration markedly increased at the peak of anxiety and returned to normal when the caffeine-induced anxiety disappeared. The correlation between plasma KYN concentration and anxiety scale (Spielberger-Khanin scale and Hamilton scale) scores was significant at baseline. This correlation disappeared at the peak of anxiety. This result suggests that pharmacologically-induced anxiety was correlated with changes in plasma KYN concentrations \[[@r33]-[@r35]\].

In another study with 30 psychiatric patients with affective state, the Dexamethasone Suppression Test (DST), Diazepam Test (DT), Hamilton anxiety scale (HAM-A), and Hamilton depression scale (HAMD) were used to differentiate between an endogenous anxiety group and an endogenous depression group. Patients with endogenous anxiety showed an increased plasma KIN concentration, whereas patients with endogenous depression showed a decreased plasma KIN concentration. Consequently, the patients in anxiety group were effectively treated with anxiolytics, and those in depression group with antidepressants. In both groups, the plasma KIN concentration returned to normal after treatment. The plasma KYN concentration was significantly correlated with the severity of anxiety. The present study proposes that together with DST and DT, KIN concentration can be a biological marker that distinguishes between endogenous anxiety disorders and endogenous depression \[[@r34]\].

In a study with healthy, nonpregnant women, pregnant women at the end of term, and women in the early puerperium, the plasma KIN concentration and the KIN/TRY ratio increased greatly in women in early puerperium relative to nonpregnant women. Furthermore, the KIN and KIN/TRY ratio increased more markedly in women in early puerperium who showed higher anxiety and depression scores. In early puerperium, which is a period of high immune activation, a large amount of KINs are created due to IDO activation, and these increased anxiogenic KINs may have contributed to depressive and anxiety symptoms \[[@r35]\].

3.5. TRYCATs and Benzodiazepine {#sec3.5}
-------------------------------

Other evidence that supports the correlation of TRYCATs with anxiety includes the structure-activity relationship between KYN, diazepam, and some putative endogenous ligands of the benzodiazepine receptors. KIN antagonizes the anti-caffeine effect of diazepam \[[@r21], [@r36]\]. Among the various convulsants, KIN has the most resistant convulsant effect against the protective action of diazepam \[[@r37]\]. The chemical structural formula of KIN is similar to that of benzophenones, which are the metabolites of diazepam, and shares four structural fragments with diazepam. The putative endogenous and non-endogenous ligands of benzodiazepine receptors share 1-3 of these structural fragments. The benzodiazepine receptor is estimated to be a phylogenetically transformed kynurenine receptor. The biggest difference in the chemical structural formulas between KIN and diazepam is that KIN does not have diazo-moiety, and this moiety plays a key role in binding to benzodiazepine receptor. Such similarity in the chemical structural formulas can be also found in QUIN, which is a catabolite of KYN \[[@r21], [@r37]\].

3.6. Serotonin Deficiency and Anxiety {#sec3.6}
-------------------------------------

As discussed above, stress and inflammatory states trigger serotonin deficiency, due to the shunt of TRY from serotonin synthesis to KYN formation. What effects does this induced serotonin deficiency have on anxiety? This is the basic question about whether serotonin itself increases or decreases anxiety. At present, serotonergic agents, such as the 5HT1A receptor partial agonist (Buspirone) and selective serotonin reuptake inhibitors (SSRIs), are the first-line treatment for all anxiety disorders. Therefore, serotonin can be seen as an anxiolytic, because chronic SSRI treatment decreases anxiety by boosting serotonin levels. Some studies have shown that the serotonin-boosting effect of SSRIs resulted in anxiolysis \[[@r38]-[@r40]\]. Various serotonergic agents, such as m-chlorophenylpiperazine (mCPP), a mixed serotonin receptor agonist, can elevate anxiety \[[@r41]\]. Furthermore, monoamine oxidase (MAO)-A, which degrades serotonin and lowers its availability, is increased in panic disorder patients relative to healthy controls \[[@r42]\]. These results are aligned with reports that serotonin has an anxiolytic effect.

Tryptophan depletion in the body causes an acute reduction in serotonin levels \[[@r40]\]. In healthy people, tryptophan depletion followed by administration of panicogenic agents, such as carbon dioxide or yohimbine, significantly increased anxiety \[[@r43], [@r44]\]. The same results were observed in patients with panic disorder. When panicogens were administered after pretreatment with tryptophan depletion in patients with panic disorder, anxiety ratings and panic attack rates increased \[[@r45], [@r46]\]. However, tryptophan depletion alone, in the absence of panicogens, did not increase general anxiety in both healthy controls and panic disorder patients \[[@r45]\]. Tryptophan depletion appears to sensitize anxiety-related mechanisms, and the increase in anxiety by tryptophan depletion seems to become apparent after provocation. Therefore, serotonin has the function of protecting against anxiety and panic attacks, but it is unlikely that tonically elevated serotonin levels underlie SSRI's anxiolytic effect. The reason for this is that the mechanism of the action of serotonin on anxiety is not only associated with the simple amount of serotonin, but also with the type of 5-HT receptor, as well as with genetic associations, such as the serotonin transporter gene polymorphism \[[@r47]\].

In conclusion, serotonin itself is thought to have an anxiolytic effect and the quantitative deficiency of serotonin due to stress and inflammation appears to increase the sensitivity to anxiety.

3.7. Melatonin Deficiency and Anxiety {#sec3.7}
-------------------------------------

Melatonin has psychotropic effects in rodents, such as sedative, analgesic, anticonvulsant, hypnotic, and anxiolytic effects \[[@r48]\]. In models based on exploratory behavior, melatonin has been found to be associated with stress and anxiety-related behaviors and has an anxiolytic-like effect \[[@r49]\]. Interestingly, melatonin interacts with GABA neurotransmission. Melatonin intensifies the binding of GABA and muscimol (a GABA~A~ receptor agonist) in rat brain tissues *in vitro* \[[@r50], [@r51]\]. *In vivo*, melatonin administration increases GABA levels in several rat brain regions \[[@r52], [@r53]\]. In mice, flumazenil, which is a benzodiazepine receptor antagonist, blunts the anxiolytic-like activity of melatonin \[[@r54]\]. Furthermore, the combined treatment of ineffective doses of melatonin and diazepam has been reported to show an anxiolytic-like effect \[[@r55]\]. In recent human studies, agomelatine, a melatonergic receptor agonist, was effective in the treatment of generalized anxiety disorder \[[@r56], [@r57]\]. The agomelatine also demonstrated efficacy in the treatment of panic disorder \[[@r58], [@r59]\]. The deficiency of serotonin itself can increase the sensitivity to anxiety and lead to a decrease in the synthesis of melatonin, thus making the increase of anxiety more sensitive.

3.8. NMDA, TRYCATs, and Anxiety {#sec3.8}
-------------------------------

In the KYN-NAD pathway, QUIN and picolinic acid, which are N-methyl-D-aspartate (NMDA) agonists, are synthesized. Meanwhile, KYNA is the only known endogenous antagonist to NMDA receptors (Fig. **[1](#F1){ref-type="fig"}**). The NMDA receptors not only are involved in learning and memory, but also affect emotionality, such as fear, anxiety, and depression \[[@r60]\]. The general pharmacological profile of an NMDA antagonist is similar to the spectrum of activity of benzodiazepines and barbiturates \[[@r61]\]. Both benzodiazepines and barbiturates have amnestic, anticonvulsant and anxiolytic potency. CPP (3-(2-carboxy piperazine-4yl)-propyl-1-phosphonic-acid), AP5 (2-amino-5-phosphonoheptanoate), and AP7 (2-amino-7-phosphonoheptanoate), which are competitive NMDA antagonists, have been found to have anxiolytic effects in an animal model of anxiety (elevated plus maze and increased social interaction) \[[@r62]-[@r64]\]. In addition, non-competitive NMDA antagonists, such as MK-801 (dizocilpine) and PCP (phencyclidine), also revealed anxiolytic effects in an animal model of anxiety \[[@r62]-[@r64]\]. Much preclinical evidence suggests the possibility that NMDA antagonists can be used as treatment for anxiety disorders \[[@r60]\]. Surprisingly, ketamine, which is another widely studied non-competitive NMDA antagonist, has been found to have an anxiety-reducing effect in an animal experiment, but has been also shown to decrease anxiety in healthy human volunteers at doses as low as 0.1mg/kg i.v. \[[@r65]\]. In addition, there is a recent study indicating that ketamine may be effective in the treatment of treatment resistant anxiety disorders \[[@r66]\].

Therefore, the increase of QUIN (an NMDA agonist) and the decrease of KINA (an NMDA antagonist), which are induced by stress and inflammation, leads to an increase of endogenous anxiogenic metabolites, and it is likely to be a pathway for inducing or continuing anxiety.

3.9. Hippocampal Neurogenesis, TRYCATs, and Anxiety {#sec3.9}
---------------------------------------------------

The hippocampus is not only an important structure for cognitive function, but also a key structure of the so-called emotional brain. The hippocampus modulates affective states, and is particularly associated with the modulation of anxiety states \[[@r67]\]. The hippocampus is a major target for antidepressants with respect to regulating anxiety. Several categories of antidepressant are known to increase hippocampal neurogenesis, and it has been found that such a mechanism is required for the anxiolytic effect of antidepressants \[[@r68], [@r69]\]. Furthermore, the hippocampus is a key locus for the anxiolytic effects that allow NMDA receptor antagonists to modulate anxiety \[[@r60]\]. The fact that anxiety-related behaviors increase strikingly in transgenic animals specifically impaired in hippocampal neurogenesis suggests that anxiety is directly correlated with hippocampal neurogenesis \[[@r70]\]. Another method of intuitive observation for the relationship between hippocampal neurogenesis and anxiety is to observe the reduction in the hippocampal volume by imaging patients with anxiety disorders. A significant hippocampal volume reduction in structural MRI studies was observed in patients with posttraumatic stress disorder (PTSD) and social anxiety disorder compared with healthy controls, and this volume reduction was significantly correlated with a risk factor for vulnerability to these anxiety disorders \[[@r71]-[@r74]\].

TRYCATs can directly contribute to neuroprotective or neurodegenerative changes in the brain through NMDA receptors, especially in the hippocampus \[[@r3], [@r60], [@r68], [@r70]\]. The accumulation of QUINs, which are NMDA agonists, causes a hyperglutamatergic state, which is associated with anxiety and depression \[[@r75]\]. Hippocampal atrophy, which is frequently observed in anxiety disorders and depression, is related to the activation of such QUINs \[[@r76]\]. Meanwhile, KYNA, which is an NMDA antagonist, protects QUINs by offsetting their excitotoxicity \[[@r76]\].

In the inflammatory state, the balance between 3OH-KIN and KYNA is shifted from KYNA to 3OH-KIN \[[@r17]\]. However, KYNA also increases relative to the normal state, due to the general increase in KIN. Such increased KYNA complements the negative effects of QUIN and maintains the homeostasis of the NMDA receptor. However, if the inflammatory state becomes chronic or stronger, the balance of KIN metabolites collapses, causing a disturbance in neurotransmission and neurodegenerative changes in the brain. The neuroprotective and neurotoxic effects due to the imbalance of TRYCATs have been proven in human brain studies, as well \[[@r77], [@r78]\]. Such imbalances of TRYCATs are believed to partially contribute to hippocampal neurodegenerative changes, which are frequently reported in anxiety disorders.

3.10. Oxidative Stress, TRYCATs and Anxiety {#sec3.10}
-------------------------------------------

The KYN-NAD pathway synthesizes 3OH-KIN and HAA, which are free radical generators (Fig. **[1](#F1){ref-type="fig"}**). 3OH-KIN, which is activated in the inflammatory state, causes neuronal apoptosis in the brain by producing more reactive oxygen species (ROS) \[[@r9]\]. When many ROS are generated, it changes the membrane viscosity, as well as apoptosis, and eventually damages monoamine surface receptors, such as serotonin receptors, enzymes, and membrane proteins, such as ion channels \[[@r79]\]. Oxidative stress can alter neurotransmission, neuronal function, and overall brain activity, and thereby contributes to the inducement of anxiety \[[@r80]\].

Many studies have been conducted to evaluate correlations between obsessive-compulsive disorder, panic disorder and oxidative stress \[[@r81], [@r82]\]. However, oxidative stress does not appear to have a specific link only with anxiety disorders. As it is also associated with many neurodegenerative diseases and psychiatric illnesses, such as schizophrenia and MDD, oxidative stress appears to cause an intrinsic oxidative vulnerability of the brain and triggers various psychiatric diseases \[[@r83]\]. The presence of TRYCATs, such as 3OH-KIN and HAA, which can activate ROS, may explain the triangular relationship between stress/inflammation, oxidative stress and anxiety \[[@r80]\]. While some data demonstrate that there is a link between oxidative stress and anxiety, a cause-effect relationship has yet to be completely established.

CONCLUSION
==========

Anxiety studies on neuroinflammation and the immune-kynurenine pathway have been limited to laboratory and animal experiments, and few studies on anxiety have been conducted after the period of the 1970s to 1990s. TRYCATs can act as endogenous anxiogens or anxiolytics by themselves, and have functionally antagonistic relationships with one another in the kynurenine pathway. Furthermore, outside the kynurenine pathway, TRYCATs have potentiation or antagonism relationships with various neurotransmission systems. Serotonin and melatonin deficiency, which are caused by stress or inflammation, seem to increase the sensitivity to anxiety. Some TRYCATs act as NMDA agonists or antagonists, and this path can cause or sustain anxiety disorders. Furthermore, TRYCATs can influence anxiety by directly contributing to neuroprotective-neurodegenerative changes in the brain, especially in the hippocampus, through the NMDA receptor. Some TRYCATs that have a free radical generator function, cause oxidative stress and contribute to anxiety inducement by changing neurotransmission and neuronal function. In the future, more human studies should be conducted based on this evidence, which should also be used in the development of new therapies for the treatment of anxiety disorders.
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